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Spin labelction of alkyphospholipid (APL) liposomes consisting of 1,1-dimethylpiperidin-1-
ium-4-yl) octadecyl phosphate (OPP) and different concentrations of cholesterol (CH) with human MT-3
breast-cancer cells using electron paramagnetic resonance method (EPR) with advanced characterization of
EPR spectra of spin labeled liposome membranes. After incubation of OPP liposomes with MT-3 cells, a
reduction of liposome entrapped, water soluble spin-probe tempocholine (ASL) was observed, indicating
that ASL is released from liposomes and is reduced by oxy-redoxy systems inside the cells. This process is
fast if cholesterol content in the bilayer was 29 or 45 mol%, whereas at 56 mol% cholesterol the process is
almost stopped. The rate of spin-probe reduction in ﬁrst 10 min after incubation with cells is even faster as
for the free ASL, indicating that liposomes with low amount of cholesterol accelerate penetration of ASL into
the cells. A faster release of hydrophilic material from liposomes with low cholesterol content coincides with
the presence of domains with highly disordered alkyl chain motion that disappears at 50 mol% of
cholesterol. We propose that these highly ﬂuid domains are responsible for interaction of OPP liposomes
with cells and fast release of the entrapped material into the cells. These results suggest that micelles are not
the only reason for cytotoxic effect of OPP liposom formulations, as it was suggested before. OPP in
liposomes, containing 45 mol% cholesterol or less, also contributes to the cytotoxic effect, due to their fast
interaction with breast-cancer cells.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Alkylphospholipids (APL) seems to be promising anticancer drugs,
because they do not target DNA, but they insert in the plasma
membrane and subsequently induce a broad range of biological
effects, ultimately leading to cell death [1]. An important characteristic
of the APL lies in the fact that only malignant cells are highly sensitive
to their lethal action, while normal cells remain relatively unaffected,
illustrating the potential selective antitumor properties of this type of
drugs [2]. The exact mechanism of APLs action on the molecular level
is not yet known in all details, but it is clear that they act at the level of
cell membrane, where they interfere with apoptotic and mitogenic
signal transduction pathways [1]. With respect to the broad spectrum
of their action, their DNA independent effect, and especially their
speciﬁcity to tumor cells make them to promising new chemother-
apeutic drugs, and further investigation of the mechanism of their
action are of great interest.
The alkylphospholipid 1,1-dimethylpiperidin-1-ium-4-yl) octade-
cyl phosphate (OPP) is one of the most cancerostatically active lipids
with a strong antitumor effect on xenostranplanted breast cancers [3].386 1 477 31 91.
ll rights reserved.On the other hand, a serious side effect of OPP is haemolysis [4], which
can be diminished when this compound is used as liposome
formulation. OPP in aqueous solution forms only micelles, but
liposomes can be obtained if at least 30 mol% cholesterol is added to
stabilize the membrane [3,5].
Depending on the cholesterol content in the liposome membrane,
OPP can be released and forms micelles again, which are present
together with intact liposomes in the aqueous liposome formulation.
Cholesterol in liposome formulations acts in two opposing ways. On
one side, an increasing cholesterol concentration reduces haemo-
lysis, because the formation of OPP micelles is decreased [3], while,
on the other side, too much cholesterol diminishes the therapeutic
activity of OPP liposomes. It was previously found that decreased cell
toxicity correlates with a decreased amount of OPP micelles [6].
However, this micellar fraction constitutes only 10 to 25% of total
OPP in the liposome suspension. Therefore it is not probable that
OPP micelle\s alone determine the therapeutic activity of liposome
formulations, but the direct interaction of liposomal OPP with tumor
cells has to be taken into account to explain the cytotoxic effect of
OPP liposomes.
The aim of this work was therefore to investigate the interaction of
OPP liposomes at different cholesterol/OPP ratios with MT-3 breast-
cancer cells and to correlate it with the membrane domain structure of
Table 1
Characterisation of OPP liposomes with different concentration of cholesterol
Code CHstarta
[mol%]
Molar ratio
OPP:CH:DCP
Diameterb
[nm]
P.I.c OPPﬁnald
[mM]
Vie [%] Zif
[mV]
N15 56 10:15:2 184±8 0.52±0.05 8.0±1.0 2.1±0.3 −40±2
10 46 10:10:2 187±1 0.22±0.03 7.2±0.1 2.0±0.3 −51±3
N5 29 10:5:2 203±10 0.30±0.10 8.0±1.0 0.9±0.1 −52±2
a Proportion of cholesterol in the formulation.
b Unimodal diameter determined by QEL measurements (n=3).
c Polydispersity index obtained from QEL measurements (n=3).
d Concentration of OPP after extrusion.
e Entrapped volume for ASL (Idialisis/Itotal).
f Zeta potential.
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the therapeutic activity of OPP liposomes. For this purpose spin labeled
tempocholine (ASL), which cannot penetrate intact liposomemembrane
easily [7], was entrapped into the liposomes and kinetics of its reduction
in the presence of MT-3 human breast-cancer cells was measured by
electron paramagnetic resonance spectroscopy. ASL gets reduced to EPR
non-visible hydroxylamine when it is released from liposomes and
exposed to the oxy-redoxy systems inside the cells [8,9], which is
reﬂected in an EPR spectra intensity decrease. Therefore, from the
kinetics of EPR spectra intensity decrease information about the
interaction of liposomes with cells can be obtained.
It was shownpreviously that sterically stabilized, negatively charged
liposome suspensions with less than 50 mol% of cholesterol have the
highest antitumor activity [3] and that ﬂuidity of liposome membrane
depends on cholesterol content of liposomes [10]. To determine
membrane domain structure of OPP liposomes, we used in this work a
recently developed method for characterization of EPR spectra [11–14],
which automatically detects different membrane domain types. This
enabled us to explain how the membrane domain structure inﬂuences
the interaction of liposomeswith cells, and to contribute in this way to a
better understanding of the mechanisms of cell–liposome interaction.
2. Materials and methods
2.1. Materials
OPP, (1,1-dimethylpiperidin-1-ium-4-yl) octadecyl phosphate, Peri-
fosine) was a generous gift from Dr. Hilgard (ASTA Medica, Frankfurt,
Germany). Dicetylphosphate (DCP) and cholesterol (CH) were obtained
from Serva (Heidelberg, Germany). Dichloromethane and methanol
from Merck AG (Darmstadt, Germany) were used in LichrosolvÒ
gradient grade quality. The spin-probes: 5-doxylpalmitoyl-methylester
(MeFASL(10,3)), 4-Oxo-2,2,6,6-tetramethylpiperidine-1-oxyl (Tempone)
and 4-(N,N-dimethyl-N-(2-hydroxy-ethyl))ammonium-2,2,6,6-tetra-
methylpiperidine-1-oxyl (spin labeled tempocholine, ASL) were synthe-
sized by S. Pečar (Faculty of Pharmacy, University of Ljubljana, Ljubljana,
Slovenia). Media and cell culture materials were obtained from Gibco –
Invitrogen Corporation (Carlsbad, California), sera were obtained from
Sigma (Taufkirchen, Germany). Structural formula of OPP,MeFASL(10,3),
ASL, and Tempone are presented in Fig. 1.
2.2. Liposome preparation
OPP liposomes used in this study consist of the basic lipid OPP, the
helper lipid cholesterol and dicetyphosphate (DCP), responsible toFig. 1. Structural formula of: OPP) cancerostatically active alkylphospholipid — (1,1-
dimethylpiperidin-1-ium-4-yl) octadecyl phosphate, Perifosine; MeFASL(10,3)) lipophilic
spin-probe— 5-doxylpalmitoyl-methylester; ASL) charged hydrophilic spin-probe— 4-(N,
N-dimethyl-N-(2-hydroxy-ethyl))ammonium-2,2,6,6-tetramethylpiperidine-1-oxyl; Tem-
pone) neutral hydrophilic spin-probe — 4-Oxo-2,2,6,6-tetramethylpiperidine-1-oxyl.introduce a negative charge into the vesicles. Liposomes contained
10 mM of OPP, 2 mM of DCP, and cholesterol amount varying from
5 mM to 15 mM. If not stated otherwise, all given concentrations of
liposomes refer to this OPP concentration.
Liposomes were prepared by the thin ﬁlm/hydration method [15]
according to the procedure already described [16]. Large unilamellar
liposomes (LUVET) were prepared by repeated extrusion (19–29
times) through polycarbonate ﬁlters (diameter of pores: 100 nm)
using a LiposoFast™ Basic System (Avestin, Inc. Ottawa, Canada) until
the size distribution of liposomes was unimodal. The content of OPP
and cholesterol was determined with high performance thin layer
chromatography (HPTLC) according to the procedure described
elsewhere [17] and is presented in Tab.1, together with size and
polydispersity index. More detailed characterization of OPP liposomes
was published elsewhere [17].
2.3. EPR measurements
For the investigation of membrane domain structure, liposomes
were spin labelled with the lipophilic spin-probe MeFASL(10,3) in a
molar ratio 1:600 ofMeFASL(10,3) to total liposome lipids as described
elsewhere [10]. EPRmeasurements were performed on an X-band EPR
spectrometer Bruker ESP 300 at room temperature.
To investigate the interaction of liposomes with cells the hydro-
philic spin-probe ASL was entrapped into the liposomes. For this
purpose a solution of ASL (0.01 mol/l) in PBS was used to resuspend
the lipid ﬁlm during liposome preparation. Due to its charge, ASL does
not penetrate the liposome membrane easily [7]. Not encapsulated
ASL was removed by over-night dialysis at 4 °C. The entrapped ASL
was determined as the ratio of EPR spectra intensity after dialysis
(Idialysis) and before dialysis (Itotal). EPR spectra intensity wasmeasured
by double integration of the EPR spectra.
To exclude uncertainty due to the possible binding of ASL
molecules to the outer liposome surface, in parallel experiment
the reducing agent, sodium ascorbate (Asc) (0.1 mol/l) was added
to the liposome suspension, which reduces nitroxide to the
corresponding hydroxylamine, (not detectable by EPR) and EPR
spectra intensity was measured. Due to its charge, Asc does not
penetrate the intact liposome membrane easily and therefore
reduces only the nitroxides which are in the extracellular solution
or bound to the outer membrane [7]. Both methods gave
comparable results.
The entrapped volumes (deﬁned as the ratio of the entrapped ASL
with respect to the total ASL) are presented in Table 1.
2.4. Cell culturing
Human MT-3 breast-cancer cell were cultured in RPMI-1640
medium (Gibco) and supplemented with 2 μmol/ml L-glutamine
(Gibco), penicillin (100 U/ml), streptomycin (100 μg/ml) and heat-
inactivated fetal calf serum, (10% FCS, Gibco). 9×105 cells were seeded
in a 25 cm2 ﬂask.
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exponential growing phase with a rubber policeman after removing
the old media and two times rinsing with fresh media. The cell
suspensionwas spined down at 120∙g, the pellet (5·106 cells, cca 10 μl)
was mixed with liposomes entrapping ASL (1 μl), transferred
immediately to the glass capillary for EPR measurements and EPR
spectra intensity was measured with time after mixing. As the EPR
spectra line-width didn't change with time the EPR spectra middle
line was measured as a measure of EPR spectra intensity.
2.5. Release of calcein from OPP liposomes in the presence of MT-3
breast-cancer cells
Liposomes were prepared as described above except that the lipid
ﬁlm was hydrated with 1 ml aqueous solution of calcein (100 mM).
Not encapsulated calcein was removed by size exclusion chromato-
graphy using sephadex X50 and PBS as eluent.
To test the stability of liposomes in presence of MT-3 cells, 25 μl of
liposome suspension (50 nmol OPP) with entrapped calcein was
incubated with 2×105 and 5×105 freshly harvested MT-3 breast-
cancer cells (in 175 μl of RPMI containing 10% fetal calf serum or PBS)/
well of a black FluoroNunc 96 well microtiter plate were shaken for
5 min on a plate shaker before measurements. Fluorescence
measurements were performed at different times within 2 h using
excitation wavelength 485 nm and emission wavelength 510 nm. In
control experiments liposomes with media or with PBS were
measured. The increase in ﬂuorescence was calculated relative to
the ﬂuorescence measured at the beginning of each experiment. All
the experiments were done twice, each performed in quadruplicate.
2.6. Lipid mixing of OPP liposomes with target liposomes
Lipid mixing assay as an indicator of membrane fusion was
introduced by Struck et al [18]. By this method membranes labelled
with a combination of ﬂuorescence energy transfer acceptor and
donor lipid probes rhodamine-phosphatidylamine and NBD-phos-
phatidylamine, respectively are mixed with unlabeled membranes.
Fluorescence resonance energy transfer (FRET), measured as NBD
emission at 520 nm resulting from excitation of NBD at 465 nm,
increases when the average spatial separation of the probes
increases upon fusion of labelled membranes with unlabeled (target)
membranes, due to lipid mixing of the corresponding membrane
lipids.
In a cuvette, 50 μl target liposomes (composition POPC/POPE/POPS/
CH/Rho-PE/NBD-PE, molar ratio 4:2:1:3.6:0.05:0.05) with 100 nmol
(total lipid) were diluted with 1750 μl PBS buffer, pH 7.5 and stirred.
Fluorescence intensity change with time was recorded by a ﬂuores-
cence spectrometer JAS.CO FP 6500 (Commerce Dr. Easton, USA) using
the wave lengths FEx=465 nm and FEm=520 nm. After 50 s recording
of base line, 200 μl of a buffer solution of OPP liposomes containing
400 nmol total lipids were added and the measurement continued for
150 s. Data represent the mean ﬂuorescence intensity for two
individual OPP-liposome formulations; eachmeasured 3 times (±S.D.).
2.7. Computer simulation of EPR spectra and GHOST optimization
procedure
Computer simulation of EPR spectra in a membrane system
labelled with fatty acid spin-probes was already discussed elsewhere,
[11–14,19–22] and is only summarized here. In general, to describe
EPR spectra of spin labels, the stochastic Liouville equation is used
[23–25]. The model takes into account that local rotational motions of
fatty acid spin-probes are fast with respect to the EPR time scale and
that the spectrum is composed of several spectral components
reﬂecting different modes of restricted rotational motion of spin-
probe molecules in different environments of the membrane. Eachmotional mode depends on the nearest surrounding of the spin-probe
and characterizes certainmembrane domain on a nanometer scale. All
regions in the membrane with the same mode of spin-probe motion
represent one type of membrane domains. They are described with
different sets of spectral parameters: order parameter (S), rotational
correlation time (tc), polarity correction factors of hyperﬁne and g
tensors (pA and pg) and broadening constant (W). S is related to time
averaged amplitude of rotational motion of nitroxide group relative to
its average direction. (S=1 for perfectly oriented molecules and S=0
for isotropic motion of molecules), tc describes the rate of motion,
polarity corrections are due to the effect of neighbouring electric
ﬁelds, which inﬂuence the electron density distribution of the spin-
probe and W arises primarily from unresolved hydrogen super-
hyperﬁne interactions and contributions from other paramagnetic
impurities (e.g., oxygen, which is usually present), external magnetic
ﬁeld inhomogeneities, and ﬁeld modulation effects, as well as from
spin-spin interaction. Besides, the relative proportion of a particular
spectral component d is determined. It describes the relative amount
of the spin-probes with particular motional mode and depends on the
distribution of the spin-probe molecules between the domain types.
Since partition of MeFASL(10,3) was found to be approximately equal
between different domain types of phospholipid/cholesterol vesicles
[26], we assume that the same is valid also for liposome membrane
composed of OPP and cholesterol.
To obtain best ﬁt of calculated to experimental spectra multi-run
evolutionary optimization method (HEO) [27] was used together with
a newly developed GHOST condensation procedure. According to this
method, 200 independent HEO simulation runs for each EPR spectrum
were applied, taking into account 4 different motional modes of spin-
probe. The parameters of the best ﬁts were presented by three two-
dimensional cross-section plots: (S–tc, S–W, and S–pA diagrams —
GHOST diagrams) [28]. Stochastic nature of this optimization allows
us to determine the errors of obtained spectral parameters from the
widths of parameter distributions, independently of the covariance
matrix analysis [14]. GHOST diagrams correspond to the groups of
solutions, which represent the motional modes of spin-probes in
particular surrounding and correspond to different types of mem-
brane domains.
The computer simulation procedure is implemented in the soft-
ware package EPRSIM (http://www.ijs.si/ijs/dept/epr/).
3. Results
3.1. Release of calcein from OPP liposomes in the presence of MT-3
breast-cancer cells
In order to test the possible leakage of liposomes in presence of
tumor cells or cell culture medium, the liposomes with the entrapped
calcein at self quenching concentration were incubated with cells or
cell culture medium as described in Material and methods. The
increase in ﬂuorescence intensity was measured as an indicator of
calcein release from liposomes. It was found that 1 h after the
addition of liposomes to the cells or to the medium, the ﬂuorescence
signal increased no more than 10% of the background signal,
independently of cell number. This leakage observed during 1 h of
incubation can be neglected, because it only represents the release of
marker of no more than 0.01% of all liposomes as estimated from the
data and the photo physical properties of calcein [29]. The observed
10% increase in ﬂuorescence signal could also be a consequence of
fusion of liposomes to cells, not only due to leakage of liposome
contents into extracellular space (the two processes can not be
distinguished with this experiment). Since in the calcein experiment
cells were much more diluted ðNMT3calcein = 2:105 in Vwell = 200 μlÞ
then in ASL-EPR experiment ðNMT3ASL = 5:106 in Vcapillary≈20 μlÞ, it is
not surprising that only a small percentage of added liposomes
interacted with cells within 1 h.
Table 2
Global ﬁt of a reduction kinetic of spin-probe entrapped in liposomes or free spin-probe
due to the interaction of liposomes with different concentration of cholesterol with MT-
3 breast-cancer cells
k1 free
(min−1)
k2
(min−1)
Rel. prop.
interacted (%)
Free probe Tempone 4.8±0.04 0.48±0.06 100
ASL 0.08±0.04 0.37±0.06 100
k1 lip (min−1)
Liposomes [CH],
(mol%)
29 mol% (N5) 76±6 0.37±0.06 50.7±0.5
45 mo% (N10) 69±4 0.37±0.06 46.2±0.2
56 mo% (N15) 0.041±0.004 0.37±0.06 2±0.1
k1: rate constant of free probe – cell or liposome – cell interaction.
k2: rate constant for spin-probe reduction inside the cells.
The rate constant for spin-probe leakage from liposome k0 was determined to be 0, and
is not shown. All constants were determined by simultaneous ﬁtting of all data sets.
A simple kinetic model is used, which takes into account that liposomes interact with
cells and release the entrapped spin-probes into cells, as well as that spin-probes leak
from the liposomes and enter cells. Inside the cells spin-probes get reduced into an EPR
invisible form that leads to the EPR signal intensity decay.
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For this experiment the liposomes with the entrapped hydrophilic
spin-probe ASL were mixed with MT-3 human breast-cancer cells and
the EPR spectra intensity was measured with time after incubation
(Fig. 2).
The interaction of liposome entrapped spin-probes with cells can
be described with a kinetic model, which takes into account that
liposomes either interact with cells and release the entrapped spin-
probes into the cells or that the probe leaks from liposomes and
subsequently free spin-probe (extracellular) penetrates the cell
membrane and gets converted into an EPR invisible form by oxy-
redoxy systems in the cell [30]. Therefore only the spin-probes outside
and the spin-probes inside the cells (free or entrapped in liposomes),
which are still not reduced to EPR invisible form, contribute to the EPR
spectra intensity.
Reduction of spin-probe entrapped in liposomes by cells can be
described with a set of differential equations:
dclip
dt
= −k0 clip−cout
 
−k1lip clip−cin
  ð1Þ
dcout
dt
= k0 clip−cout
 
−k1free cout−cinð Þ ð2Þ
dcin
dt
= k1free cout−cinð Þ + k1lip clip−cin
 
−k2cin ð3Þ
Reduction of the free spin-probe in cell suspension can be
described with a set of differential equations:
dcout
dt
= −k1free cout−cinð Þ ð4Þ
dcin
dt
= k1free cout−cinð Þ−k2cin ð5Þ
where clip, cin and cout are concentrations of liposome entrapped
spin-probe and free spin-probe inside and outside the cells
respectively; k1free and k1lip are rate constants for the cellular
uptake of free and liposome encapsulated spin-probe by cells,
respectively; k2 is a rate constant of spin-probe reduction insideFig. 2. Interaction of OPP liposomes with MT-3 breast-cancer cells. Shown is EPR spectra
intensity decrease of the hydrophilic spin-probe tempocholine (ASL), encapsulated inside
OPP liposomes. MT-3 breast-cancer cells were incubated with liposomes made of
cholesterol, OPP, and dicetylphosphate. Vesicles used were large unilamelar liposomes
with cholesterol concentration 56 mol% (○), 45 mol% (△), and 29mol% (▽), Solid lines are
ﬁts to a simple kinetic model of liposome–cell interaction described in the Results section.
For comparison the reduction of the EPR spectra intensity of free tempocholine – ASL (⋄)
and free Tempone (□) due to interaction of the spin-probe with the cells is shown.cells.k1free describes permeability P of cell membrane for the free
spin-probe:
k1free =
PS
V
ð6Þ
where S is the surface area of cells, V is the extracellular volume, and P
is the permeability of cell membranes for the spin-probe, whereas
k1lip describes the rate of the entire process of liposome interaction
with cells and liposome decay inside cells.
From the best ﬁt to the experimental data we determined that the
permeability of cell membranes for neutral spin-probe Tempone is 60
times higher than the permeability for ASL proving that the positive
charge of ASL obstructs its penetration through the membrane. The
reason for its reduction within 1 h could be an active transport of ASL
intoMT-3 breast-cancer cells [31], Besides, malignant cells often losses
their ability to exclude some types of molecules and experience an
increased rate of nitroxide reduction in comparison to normal cells
[32], The rate constant for the spin-probe reduction (k2) by oxy-redoxy
systems in cells are similar for both spin-probes used irrespective of
their charge (Table 1) what is in accordance with results published
recently [31].
Parameters of above described kinetic model were determined by
simultaneous ﬁtting of all data sets in Fig. 2 (all liposome
formulations and free ASL, global ﬁt) and are presented in Table 2.
Accordingly to the ﬁtting results, the rate constant for spin-probe
leakage from liposomes (k0) was determined to be zero, which was
conﬁrmed in calcein release experiment, and is not shown in the
table. From Table 2 and Fig. 2 it is evident that the rate of ASL
reduction depends strongly on cholesterol concentration in OPP
liposomes. Liposomes with a high amount of cholesterol remain
almost intact for up to 50 min after they are mixed with cells, (only 2%
of ASL is released into the cells) indicating that they are much more
stable than liposomes with lower concentration of cholesterol. It is
important to note that the not encapsulated (free), charged spin-
probe ASL was reduced at slower initial rate than ASL in OPP
liposomes with low amount of cholesterol, indicating that these
liposomes facilitate the release of ASL into the cells. On the other side
about 50% of ASL molecules in liposomes still remain protected from
reduction after 50 min.
3.3. Lipid mixing of OPP liposomes with target liposomes
In order to test the possibility of OPP liposomes with different
concentration of cholesterol to fuse with cells, lipid mixing of OPP
liposomes with liposomes composed of POPC:POPE:POPS:CH
Fig. 4. EPR spectra of lipophilic spin-probe methyl ester of 5-doxylpalmitate (MeFASL
(10,3)) in the membrane of OPP liposomes with different concentrations of cholesterol
(the amount of cholesterol is indicated in mol%,) in PBS buffer at 39 °C. The arrow points
to a peak, which vanishes at around 50 mol% of cholesterol in the liposome membrane.
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membrane of tumour cells [33] was measured. The target liposomes
were labelled with rhodamine-phosphatidylamine and NBD-phos-
phatidylamine and ﬂuorescence intensity was measured after mixing.
Fluorescence intensity increases when the spatial separation between
the probes increases as a result of fusion of unlabelled OPP liposomes
with labelled target liposomes. Results presented in Fig. 3 show that
extent of lipid mixing decreases with increasing concentration of
cholesterol in OPP liposomes and that lipid mixing is in the range of
experimental error for vesicles with 56 mol% cholesterol.
3.4. Membrane heterogeneity in OPP liposomes
Our results show that the interaction of liposomes with MT-3 cells
depends critically on the concentration of cholesterol. We measured
previously that the membrane of OPP liposomes is heterogeneous and
that cholesterol plays an important role in this [10]. In order to see
how membrane properties inﬂuences the interaction of liposomes
with cells we have analyzed in this work the liposome membrane
domain structure more in detail by computer simulation of the EPR
spectra of fatty acid spin-probe MeFASL(10,3), which is inserted in the
membrane of OPP liposomes with different concentration of choles-
terol (Fig. 3), using newly developed multi-run hybrid evolutionary
optimization (HEO) routine together with GHOST condensation
procedure [13,14]. By this method the number of coexisting
membrane domain types are found automatically, without assuming
in advance the special starting points and the number of required
spectral components, to adequately ﬁt an EPR spectrum. This is a
substantial advantage to the previous work [10], where computer
simulation was performed using Simplex Downhill local optimization
routine [20], which provides good results only if starting points are
close to the solution.
From the spectra in Fig. 4 we can see that with an increasing
concentration of cholesterol the spectral line-shape changes to a form
typical for more restricted motion of spin-probe.
Using multi-run HEO optimization routine with GHOST condensa-
tion method the obtained solutions were grouped together into
groups of solutions presented in the polarity correction-order
parameter (pa-S) GHOST diagrams, described in paragraph 2.7 (Fig.
5A and B). As evident from Fig. 5A and B all of the 200 ﬁts to
experimental EPR spectra represented in GHOST diagrams are
grouped in three approximately discrete groups of solutions, therefore
it is possible to approximate the experimental spectrum as a
superposition of three spectral components (Fig. 5C and D). Each
spectral component corresponds to a mode of motion of a portion of
spin-probes partitioned in different parts of membrane with the same
physical properties and characterizes certain type of lateral membrane
domains. It should be mentioned that the EPR spectrum of MeFASLFig. 3. Lipid mixing of OPP liposomes with different concentration of cholesterol with
POPC:POPE:POPS:CH (4:2:1:3.6), labelled with rhodamine-phosphatidylamine and
NBD-phosphatidylamine as described in Material and methods. The mean change in
ﬂuorescence intensity after mixing of OPP liposomes with target liposomes is presented
for two separate OPP formulations for each composition.(10,3) in micelles contributes to the spectral component with the
lowest order parameter. Supposing that MeFASL(10,3) distributes
uniformly between micelles and liposomes, as it is uniformly
distributed among membrane domains [34], its contribution could
not be more than 30% for liposomes with 29 mol% CH [6], since the
proportion of this spectral component is more than 80%, indicating
that the main contribution of less ordered spectral component is
attributed to the liquid-disordered domain type of liposome
membrane.
When comparing the diagrams of liposomeswith 45mol% (Fig. 5A)
and 50 mol% cholesterol (Fig. 5B), one can see that a part of solutions
in Fig. 5A at polarity correction parameter pA=0.95 and order
parameter S=0.03, shifts to much higher order parameter S=0.16
and lower pA=0.93 in liposomes with just slightly higher cholesterol
concentration (50 mol%). Shift of parameter pA to lower values shows
that the spin-probes in this domain type are less accessible to water,
while higher values of S indicate that motion of spin-probe molecules
in this type of domains becomes more ordered. The relative
proportion of this domain type (Fig. 6A) decreases with increasing
cholesterol concentrations, whereas the relative proportion of the
domain typewith the highest order parameter increases (domain type
3). The relative proportion of the domain type 2 with intermediate
order parameter is very low and remains roughly constant in the
entire range of cholesterol concentrations studied.
To determine the cholesterol concentrationwhere the less ordered
domains experience the transition we performed a global (simulta-
neous) ﬁt of all EPR parameters of this domain type (Fig. 6B–D) to a
sigmoidal function:
p = plow +
phigh
1 + e
cch−ct
w
ð7Þ
where plow and phigh are values of an EPR parameter at low and high
cholesterol concentration respectively, w is the width of the sigmoidal
function, cch is cholesterol concentration and ct is cholesterol
concentration where the transition occurred. From the global ﬁt a
concentration, where the transition of the less ordered domains
occurredwas determined to be 45.6±0.4mol% cholesterol. Parameters
of other two domains remain constant within the calculation error.
These characteristics are well reﬂected in the EPR spectral
components (Fig. 5C and D). It is evident that EPR spectra line-shapes
of domain types 2 and 3 don't changewith increasing concentration of
cholesterol, whereas the line-shape of domain type 1 becomes
broader at higher cholesterol concentration, which indicates a more
Fig. 5. S–pA (order parameter–polarity correction) GHOST diagram obtained by GHOST optimization method as described in materials and methods. (A) liposomes with 45 mol% of
cholesterol; (B) liposomes with 50 mol% of cholesterol. The contribution of each domain to the entire EPR spectrum is indicated by the number (relative proportion in%) in the
diagram next to each group of solutions. Experimental EPR spectrum (black) and corresponding ﬁt (white) is shown below each GHOST diagram. Spectral components (domain type 1
to domain type 3) of the ﬁt are shown in order of increasing order parameter. Each of these spectral components corresponds to one group of solutions in the GHOST diagram (domain
type).
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component is well resolved also on the EPR spectra of liposomes
with an amount of cholesterol below 50 mol% (marked with a vertical
arrow), which vanishes at higher cholesterol concentration.
Cholesterol concentration 45.6±0.4 mol%, at which EPR para-
meters experience a sudden change, coincides with the solubility limit
of cholesterol for similar mixed lipid systems [35] and indicates that at
certain concentration of cholesterol the entire lipid membrane
becomes ordered.
4. Discussion
In this study the inﬂuence of membrane domain structure on the
interaction of OPP liposomes with different cholesterol concentration
with MT-3 breast-cancer cells was investigated. The most important
ﬁnding is that the OPP liposomes with high cholesterol concentration
(56 mol%) almost do not interact with breast-cancer cells within the
ﬁrst half an hour after mixingwith cells, whereas the liposomes with a
low concentration of cholesterol (29 mol% and 45 mol%) interact
immediately (Fig. 2). It is important to note that for liposomes with
low cholesterol concentration also the highest antitumor effect on
xenotransplanted breast cancers in vitro and in vivo was observed
[16]. Previously it was suggested that this increase of cytotoxic activity
with decreasing cholesterol content was caused by an enhanced
release of OPPmolecules from liposomes and subsequent formation of
OPP micelles [6]. It was assumed that the active form is the micellar
one, which ﬁnally interferes with the tumor cell membrane, causing
the cytotoxic effect. The OPP release was directly related with the ratio
between OPP and cholesterol; as lower the amount of cholesterol in
the membrane was, as more OPP molecules were released from the
initial bilayer. The best ratio between OPP and cholesterol to obtain
the strongest antitumor effect was shown to be around 30 mol%
cholesterol [3].We have shown in this study that micelles are not the only active
form of OPP. For example, we observed a signiﬁcant delivery of the
water soluble spin-probe for liposome suspensions with 45 mol%
cholesterol or less into the target MT-3 cells (Fig. 2). Micelles can not
encapsulate any hydrophilic substance and therefore they can not
contribute to the delivery of ASL into the cells. Also the relative
proportion of OPP micelles was determined previously to be rather
small, the upper estimates for micelle proportion varying from 10 to
25% of total OPP when cholesterol varies from 50 mol% to cca 30 mol%
[6]. Therefore we conclude that the cytotoxic effect of liposome
formulations of alkylphospholipids like OPP, originates not only from
OPPmicelles but also directly from OPP in liposomes if the cholesterol
concentration is 45 mol% or less.
Next, the question arises, which kind of interaction between
liposomes and cells is responsible for the delivery of a marker inside
the cells. For OPP liposomes with low cholesterol content, a fast
decrease of the EPR signal was observed in ﬁrst few minutes after
mixing liposomes with cells (Fig. 2), indicating that about 50% of
spin-probes were released from the liposome interior and were
reduced by the cells. It was shown previously that the principal sites
of reduction of nitroxides are in the cell interior mainly on the
mitochondrial membrane [36,37]. Such fast reduction can not be
explained by leakage of ASL from liposomes and penetration of free
ASL into the cell, since according to the calcein release experiment
and the ﬁtting results the rate constant for spin-probe leakage from
liposomes (k0) was determined to be zero. Besides, the reduction
kinetics of free ASL is slower than the reduction of ASL encapsulated
in liposomes (Fig. 2). Stronger interaction between anionic OPP/DCP
liposomes and cells than the interaction between the cationic ASL
and cells could be the reason for faster delivery of liposome
encapsulated ASL to cell membranes then free ASL. But this seems
to be less probable reason for fast reduction of ASL encapsulated in
liposomes. Since, for the reduction, ASL should penetrate out of
Fig. 6. Dependence of EPR spectral parameters of spectral components on cholesterol
concentration ([cholesterol]). Spectral parameters of EPR spectra of spin-probe
MeFASL (10,3) in membranes of OPP liposomes were derived by tuning of the
calculated to the experimental spectra. Relative proportions of spectral components
with: the lowest order parameter – domain type1 (●); middle order parameter –
domain type 2 (◊); and the highest order parameter – domain type 3 (□). Solid black
line is a linear ﬁt to relative proportion of domain type 1, B) Order parameter, (C)
rotational correlation time, and (D) polarity correction factor of the less ordered
domain type (domain type 1).
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reduction are inside cells [37]. As ASL is a charged molecule it cannot
penetrate the liposome and cell membrane easily [7], and its initial
rate of reduction in cells is approximately 10 times slower than that
of Tempone (Fig. 2), since Tempone can easily penetrate into cells,
which is not the case for ASL.An uptake of liposomes by endocytosis also does not seem very
probable, since endocytosis even in macrophages, which are specia-
lized in phagocytosis, is a slow process [38–40]. It would be therefore
expected that in the case of endocytosis the release of ASL from
liposomes is a much slower process. Possible explanation for the fast
reduction of the encapsulated spin-probe as observed could be fusion
of liposomes with the target cell membrane, which results in a fast
release of the liposome content into the cytoplasm.
The results of lipid mixing of OPP liposomes with liposomes which
mimic a cell membrane (Fig. 3) support our hypothesis that OPP
liposomes with low cholesterol content are capable of fusing with cell
membranes. This is not the case for liposomes with 50 mol%
cholesterol or more. However, it should be mentioned that only
about 50% of ASL was reduced during the time of measurements (Fig.
2). This indicates that only about 50% of liposomes interact with cells
while the others remain in the extracellular space, or enter into the
cells by endocytosis without being destroyed within the time of
measurement. On the other side, liposomes with 56 mol% cholesterol
remained intact in presence of MT-3 cells during the time of
measurements, indicating that they were not able to fuse with cells.
If we follow the liposome membrane characteristics derived from
the EPR spectra in Fig. 4 and compare them with the rate of ASL
reduction (Fig. 2, Table 2) we can see that the propensity of OPP
liposomes for interaction with tumor cells coincides with the
disordered motion of the spin-probes in the membranes of liposomes
with low amounts of cholesterol (below 45 mol%), which might be
attributed to the existence of liquid-disordered membrane domains
with order parameter S=0.03 (Domain type 1 in Fig. 4), which coexist
with liquid-ordered membrane domains. When cholesterol concen-
tration increases from 45 to 50 mol% we could observe a pronounced
transition in the OPP-liposome membrane properties, at which the
domains with low order parameter (S=0.03), disappear as shown in
Fig. 6 and a new type of domains with higher order parameter
(S=0.15) appear with a proportion of 15%, while the domains with the
highest order parameter (S=0.6) predominate with a relative propor-
tion which increases from 56% to 70%. This suggests that the
disordered motion of lipid alkyl chains within the liquid-disordered
domains, which coexist with liquid-ordered domains, is necessary for
the fast delivery of a liposome encapsulated probe into the cells and
probably also for the process of membrane fusion.
The equilibrium maximum solubility of cholesterol in a lipid
bilayer was determined to be 0.66 in four different phosphatidylcho-
line systems, and 0.51 in a phosphatidylethanolamine [41]. It was
proposed that at cholesterol solubility limit, the cholesterol-phos-
pholipid bilayer mixture causes a highly regular lipid distribution in
order to minimize cholesterol-cholesterol contacts. Thus, at high
cholesterol mole fraction, this unfavourable free energy dominates the
mixing behaviour and explains the “cholesterol condensing effect”
and the increase in acyl chain order parameter in cholesterol-
phospholipid mixtures [35]. For OPP liposomes similar values for
maximal solubility could be proposed as for phosphatidylethanola-
mine. At cholesterol concentration higher than 50 mol% no signiﬁcant
changes in membrane domain characteristics were observed (Fig. 4).
This indicates that at certain concentration of cholesterol the entire
lipid membrane becomes more ordered, which seems to be a reason
for the retention of the entrapped marker in liposomes after cellular
uptake.
Experimental results presented here show that interaction of OPP
alkylphospholipid liposomes with breast-cancer cells, coincides with
the presence of liquid-disordered domainswith a relative proportion of
more than 30% in themembranes of OPP liposomes. These results point
to the inﬂuence of membrane domain structure on the interaction of
OPP liposomes with cells, and show that not only micelles but also
liposomes with coexisting liquid-ordered and liquid-disordered
domains are responsible for the antitumor effect of OPP liposomes on
the xenotransplanted breast-cancer MT-3 cells in vivo [3].
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